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Abstract. We present the magnetic properties of LiNi1–xCoxPO4 magnetoelectrics, with 
x = (0–0.2), and their analysis of concentration dependences. Samples have been synthesized 
by a glycerol-nitrate method. To refine crystal structure X-ray diffraction measurements were 
carried out. Magnetic measurements were performed at the external magnetic field of 500 Oe 
over the temperature range (2–300) K. The neutron powder diffraction patterns of 
LiNi0.9Co0.1PO4 were recorded over temperature interval from 4.4 K up to 25 K. The partial 
doping in the LiNi1–xCoxPO4 magnetoelectrics the Ni ions for Co ions leads to a narrowing of 
the temperature interval where the incommensurate phase is established. 
1.  Introduction 
Investigations of multiferroics those simultaneously exhibit multiple ferroic order parameters [1] 
actively have been performed in the past decade. Magnetoelectrics (ME) are the materials, where such 
coexisting order parameters couple ferroelectricity with magnetization under external magnetic field. 
They have also experienced a revival of interest due to the scientific challenges to unravel the coupling 
mechanism [2], as well as for their potential applications [3]. In LiMPO4 (M = Ni, Co, Fe, Mn) the ME 
effect appear in their low-temperature antiferromagnetic (AFM) phases [4] with high liner 
magnetoelectric effect α ≤ 2.0 pS/m [5]. To explain the magnetoelectric effect in these materials, a 
model of spin-orbit interaction [4] or a model based on the Dzyaloshinsky-Moriya interaction [4] are 
usually used. The last causes a deviation of magnetic moments from the easy magnetization axis. 
Except LiNiPO4, in other LiMPO4 there is a spontaneous transition from a commensurate         
phase to a paramagnetic state  The polarization arises at the temperature that is equal to the   el point 
(TN) [6]. This fact indicates a strong interaction between magnetic and ferroelectric degrees of 
freedom. In LiNiPO4 a polarization exists only in the temperature interval, where the C magnetic 
phase takes place [7]. Further heating of the sample induces magnetic phase transition to an 
incommensurate (IC) structure at TC-IC = 20.8 K and then to the paramagnetic state at TN = 21.8 K [8, 
9]. The C AFM structure of the orthophosphates LiMPO4 is described by the propagation vector 
kC = 0. For example, in the case of the commensurate structure of LiNiPO4 magnetic moments of Ni 
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ions, located at positions (0.25+x, 0.25, –z) and (0.25–x, –0.25, 0.5–z), are oriented along the c-axis 
and antiparallel to each other as well as to the moments at sites (–0.25–x, –0.25, z), and (–0.25+x, –
0.25, 0.5+z); where x = 0.026, z = 0.018 [4]. 
The C structures of other orthophosphates differ from this structure for mutual orientations of 
moments or their directions relatively the crystallography axes. For instance, the spins are oriented 
along the a-axis in LiMnPO4, and along the b-axis in LiCoPO4 [10, 11]. The IC antiferromagnetic 
structure of LiNiPO4 is described by propagation vector kIC = 2/b(0, 1±τ, 0  with τ = (0.070–0.120) 
reciprocal lattice units (r.l.u.) [4]. A magnetic moment of the Ni ion has the z component alone. So, the 
IC structure can be represented as a transfer spin wave, moved along the b-axis. 
Therefore, the aim of this work is a study of the structure and magnetic properties of 
LiNi1–xCoxPO4 magnetoelectrics with x = (0, 0.1, and 0.2). 
2.  Experimental details 
The LiNi1–xCoxPO4 magnetoelectrics have been synthesized by a glycerol-nitrate method. The main 
advantage of this method is that the amount of gases emitted during the reactions leads to the 
dispersion of the product, which can lead to particles from 10 nm up to 10 μm in size. 
X-ray diffraction (XRD) measurements were carried out at room temperature using Shumadzu 
diffractometer (X-ray source Cu Kα, λ = 1.5418 Å) at the Institute of Solid State Chemistry. Structural 
parameters were refined by Rietveld method using Fullprof program [12]. 
Morphology of the prepared powder samples was identified by scanning electron microscopy 
(SEM) AURIGA CrossBeam. The chemical composition (Ni1–xCox) was measured using a full 
reflection Nanohunter X-ray fluorescence spectrometer in the Ural Federal University. 
Magnetic measurements were performed with Magnetic Property Measurement System (MPMS 
XL-7) over the temperature range (2–300) K, under the applied magnetic field of 500 Oe, in the zero 
field cold (ZFC) mode. The (2–25) K and (25–300) K intervals were investigated with the step 0.02 K 
and 1 K, respectively. 
The neutron powder diffraction (NPD) patterns at low temperatures were recorded with the HRPD 
diffractometer at the HANARO reactor in the Korea Atomic Energy Research Institute. The 
wavelength of the incident beam was  = 1.835 Å  
3.  Results 
Figure 1 shows the XRD-patterns for LiNi1–xCoxPO4 with x = (0, 0.1, and 0.2). All the observed 
reflections correspond to the Pnma space group. The lattice constants, ion coordinates, occupation 
coefficients and other structure parameters have been refined. As example, the lattice constants and 
agreement factors are presented in Table 1, the global agreement factors are less 3.2 %. The unit cell 
size increases with rising cobalt concentration in LiNi1–xCoxPO4. 
 
Table 1. A simple table. Unit cell parameters of crystal structure of the 
LiNi1–xCoxPO4. Rf and 
2
 are Bragg and global agreement factors. 
    
Parameter x = 0 x = 0.1 x = 0.2 
a  Å  10.0335(6) 10.0513(6) 10.0697(6) 
b  Å  5.8581(3) 5.8646(3) 5.8722(4) 
c (Å) 4.6785(3) 4.6811(3) 4.6839(3) 
V (Å
3
) 274.99(3) 275.94(3) 276.97(3) 
Rf (%) 3.0 2.5 2.8 

2
 (%) 3.2 2.7 3.1 
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The X-ray fluorescence analysis was performed to confirm of the chemical composition (Ni1–xCox). 
Figure 2 shows the normalized X-ray fluorescence spectra on the Ni Kα intensity for LiNi1–xCoxPO4 
with x = (0, 0.1, and 0.2). Refined values of the cobalt content in the samples do not exceed 1 % in 
compare with nominal concentration. 
Figure 3 displays the SEM-images of the LiNi1–xCoxPO4 with x = (0–0.2). The image shows that 
LiNi0.8Co0.2PO4 contains homogeneous particles with average sizes from 0.5 μm up to 50 μm  Similar 
SEM-images have been recorded for other samples. 





























































































Figure 1. XRD patterns of LiNi1–xCoxPO4 for 
x = (0, 0.1, and 0.2) at room temperature. 
 






























Figure 2. The normalized X-ray fluorescence spectra of 
the LiNi1–xCoxPO4. 
 Figure 3. SEM-images of the 
LiNi1–xCoxPO4 with x = 0 (a), 0.1 (b), 
and 0.2 (c). The scale factors are 20 μm. 
 
Figure 4 presents temperature dependences of the magnetisation of LiNi1–xCoxPO4 for x = (0, 0.1, 
and 0.2). The phase transition temperatures were determined from the temperature dependence of the 
first derivative of the magnetisation. For all samples the temperatures of C–IC antiferromagnetic phase 
transitions (TC-IC  and   el points  TN) are distinctly observed. 
The TC-IC and TN temperatures for LiNi1–xCoxPO4 magnetoelectrics are presented in Table 2. Here 
Tmax is the temperature, at which the magnetization reaches maximum. All the TC-IC, TN, and Tmax 
temperatures decrease with increasing the cobalt concentration and vice versa the value of the 
magnetization maximum increases. Such the behavior of the magnetic phase transitions is explained 
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the c- and b-axis, respectively. The partial doping of LiNi1–xCoxPO4 by cobalt ions leads to a 
narrowing of the temperature interval where the IC phase is established. The difference between 
temperatures TN and Tmax originates probably due to a disappearance of both long-range magnetic 
order above TN and the short-range magnetic order above Tmax. 
 
Table 2. Temperatures of magnetic phase transitions in LiNi1–xCoxPO4 magnetoelectrics and 
their maximum value of magnetization. 
     
x TC-IC (K) TN (K) Tmax (K) Mmax (emu/g) 
0 20.86(2) 21.81(2) 24.29(3) 0.0419(1) 
0.1 19.81(2) 20.47(2) 21.94(3) 0.0492(1) 
0.2 18.63(2) 19.10(3) 19.89(4) 0.0638(1) 
 
Figure 5 represents the NPD patterns of LiNi0.9Co0.1PO4 at 10 K. In the Pnma space group the 
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the NiO6 and CoO6 octahedrons. The Li
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 ions are displaced from the geometric centres of the corresponding 
polyhedrons. At low temperatures the refined parameters of crystal structure of LiNi0.9Co0.1PO4 are 
presented in Table 3. Within the uncertainty of measurements, the values of the structural parameters 
remain constant. 







































































































Figure 4. The temperature dependences of the 
magnetisation of LiNi1–xCoxPO4 for x = (0, 0.1, 
and 0.2) under the applied magnetic field of 
500 Oe. The inset presents the temperature 
dependence of the first derivative of the 
magnetisation for x = 0.2. 
 Figure 5. Observed (points) and calculated (line) 
NPD patterns of LiNi0.9Co0.1PO4 at 10 K. The 
tick marks indicate the angle positions of nuclear 
and magnetic reflections. The inset shows the 
temperature dependence of the Ni/Co magnetic 
moments at 4c position for LiNi0.9Co0.1PO4. 
 
The C AFM structure of the LiNi0.9Co0.1PO4 magnetoelectric is described by the propagation vector 
kC = 0. The insert at Figure 5 shows temperature dependence of the magnetic moment of Ni/Co ions at 
4c position (c) for x = 0.1. At low temperatures the c moment magnitude is equal to about 2.2 μB, 
and then it decreases with temperature and vanishes at TN. This corresponds to second-order magnetic 
phase transition. 
Figure 6 presents the schematic visualization of magnetic structures calculated for C and IC models 
in LiNi1–xCoxPO4 with propagation vectors kC = 0 (μc = 2.2 μB) and kIC = (0, τ, 0  with τ = 0.12 r.l.u. 
(μc = 1.2 μB) [4], respectively. 
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Table 3. Crystallographic data for LiNi0.9Co0.1PO4 at low temperatures. 
Parameters a, b, c, and V are the constants of the unit cell and its volume; 
x, y, and z are the ion coordinates;4a, 4c, and 8d are Wyckoff symbols. Rf 
and 
2
 are Bragg and global agreement factors. 
    
Parameter T = 10 K T = 17 K T = 21 K 
a (Å) 10.035(1) 10.035(1) 10.035(1) 
b (Å) 5.8550(7) 5.8551(7) 5.8549(8) 
c (Å) 4.6728(5) 4.6727(5) 4.6725(7) 
V (Å
3
) 274.55(5) 274.56(5) 274.51(7) 
Ni/Co, 4c: x 0.275(1) 0.275(1) 0.275(2) 
z 0.987(4) 0.987(4) 0.987(2) 
P, 4c: x 0.092(3) 0.092(3) 0.093(5) 
z 0.412(6) 0.411(6) 0.411(7) 
O1, 4c: x 0.099(3) 0.099(3) 0.100(3) 
z 0.749(6) 0.749(6) 0.749(7) 
O2, 4c: x 0.449(2) 0.449(2) 0.447(2) 
z 0.212(6) 0.212(6) 0.209(7) 
O3, 8d: x 0.166(2) 0.166(2) 0.167(2) 
y 0.045(3) 0.045(3) 0.044(3) 
z 0.289(4) 0.287(4) 0.289(4) 
Rf (%) 4.7 4.6 4.9 

2





Figure 6. The C (a) and IC (b) models of AFM magnetic structures in 
LiNi1–xCoxPO4 with propagation vectors kC = 0 and kIC = (0, 0.12, 0), 
respectively (view on the b-c plate). 
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4.  Conclusions 
The partial doping in the LiNi1–xCoxPO4 magnetoelectrics the Ni ions for Co ions leads to a narrowing 
of the temperature interval where the incommensurate phase is established. 
The TC-IC, TN, and Tmax temperatures of magnetic phase transitions decrease with rising cobalt 
concentration in LiNi1–xCoxPO4, from 20.9 K, 21.8 K, and 24.3 K for x = 0, down to 19.8 K and 
18.6 K (TC-IC), 20.5 K and 19.1 K (TN), 21.9 K and 19.9 K (Tmax) for x = 0.1 and 0.2, respectively. 
The difference between temperatures TN and Tmax originates probably due to a disappearance of 
both the long-range magnetic order above TN and the short-range magnetic order above Tmax. 
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